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Abstract
“Arctic greening” will alter vegetation quantity and quality in northern watersheds, with possible consequen-
ces for lake metabolic balance. We used paleolimnology from six Arctic lakes in Greenland, Norway, and
Alaska to develop a conceptual model describing how climate-driven shifts in terrestrial vegetation (spanning
herb to boreal forest) influence lake autotrophic biomass (as chlorophyll and carotenoid pigments). Major
autotrophic transitions occurred, including (1) optimal production of siliceous algae and cyanobacteria/chlor-
ophytes at intermediate vegetation cover (dwarf shrub and Betula; dissolved organic carbon (DOC) range of
2–4 mg L21), below and above which UVR exposure (DOC;<2 mgL21) and light extinction (DOC;>4
mgL21), respectively limit algal biomass, (2) an increase in potentially mixotrophic cryptophytes with higher
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Scientific Significance Statement
Warming of Arctic regions is shifting terrestrial vegetation ranges and altering lateral carbon transfer across landscapes,
with implications for lake carbon balances (autotrophy vs. heterotrophy) in one of the most lake-dense regions on earth.
Lake carbon research is strongly focused on boreal regions and so knowledge of terrestrial-aquatic linkages in high-latitudes
crossing treeline-tundra environments is limited. This circum-Arctic paleolimnology study demonstrated that Arctic lakes
undergo fundamental reorganizations of autotrophic communities as vegetation biomass in the watershed increases, toward
mixotrophic dominance and indicating a relative shift from autotrophy to heterotrophy as the photic zone reduces due to
increasing water color.
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forest cover and allochthonous carbon supply. Vegetation cover appears to influence lake autotrophs by
changing influx of (colored) dissolved organic matter which has multiple interacting roles—as a photoprotec-
tant—in light attenuation and in macronutrient (carbon, nitrogen) supply.
“Arctic greening” is the northward shift of vegetation bio-
mes as climate warms and has led to increases in shrub cover
in many tundra regions in recent decades (Walker et al.
2012). It is predicted that half of the vegetated areas in the
Arctic will shift to a different physiognomic class as woody
vegetation expands northwards (Pearson et al. 2013). As
terrestrial vegetation is an important source of dissolved
organic matter (DOM), concentrations of DOM in lakes are
strongly influenced by watershed land cover (Cardille et al.
2007). Warming-induced vegetation changes in Arctic land-
scapes are accompanied by permafrost thaw, deepening of
the active layer, and changes in hydrological transport and
processing of carbon and nitrogen in Arctic watersheds
(Walker et al. 2005; Walvoord and Striegl 2007; Tank et al.
2012). It is likely high that future Arctic vegetation shifts
will influence carbon and nutrient fluxes to Arctic lakes,
with probable consequences for lake metabolism. As one of
the world’s most lake-rich regions (Verpoorter et al. 2014)
changes to Arctic lake metabolism could be significant for
the terrestrial carbon cycle (Raymond et al. 2013; Wik et al.
2016).
Net autotrophy or heterotrophy (i.e., the metabolic bal-
ance) of lake ecosystems is determined by the relative rates
of gross primary productivity vs. respiration (Karlsson et al.
2013; Kortelainen et al. 2013) and determines whether lakes
are carbon sources or sinks. Most research has suggested that
Arctic lakes are net heterotrophic; they emit more carbon
dioxide to the atmosphere than they take up (Kling et al.
1992; Tranvik et al. 2009). The delivery of DOM to lakes is a
key control on lake metabolism (Karlsson et al. 2009; Lap-
ierre and del Giorgio 2012; Kritzberg et al. 2014) since it sup-
plies organic carbon for heterotrophs and mixotrophs,
pushing the metabolic balance of lakes toward net heterotro-
phy via respiration (Jansson et al. 2000; Kortelainen et al.
2013). DOM also supplies and binds nutrients which can be
released by photolytic processes for autotrophic uptake and
production (Kissman et al. 2013). Colored DOM (CDOM;
humic substances) stains lake waters brown which can limit
light penetration and restrict primary productivity (Karlsson
et al. 2009). Conversely, because CDOM is a photoprotec-
tant; ultraviolet radiation (UVR) damage may restrict
primary productivity in lakes when CDOM is scarce (Som-
maruga 2001; Harrison et al. 2015). Such processes may be
important in Arctic lakes, which are strongly nutrient lim-
ited and often dominated by benthic production (Vadebon-
coeur et al. 2003; Law et al. 2015). Therefore, influx of
carbon to lakes may influence whether production is focused
in benthic or pelagic areas of the lake (Rosen et al. 2009).
These multiple functions of (C)DOM mean that relationships
between dissolved organic carbon (DOC) and whole-lake
production appear to be nonlinear; positive<4.8 mg L21
(driven by nutrient availability) and negative above this
threshold (driven by light extinction; Seekell et al. 2015).
Climate-driven vegetation shifts occur over decadal-
centennial timescales and are associated with characteristic
successional, edaphic, biogeochemical, and hydrological
processes (Walker et al. 2005; Engstrom and Fritz 2006; Tank
et al. 2012). Tracking how such long-term and system-wide
changes to biomes affect aquatic-terrestrial linkages is diffi-
cult using conventional monitoring or experimental techni-
ques. However, past climate-driven shifts in vegetation
during previously warmer periods (e.g., the Holocene Ther-
mal Maximum) may be used as analogs for future warming
scenarios and tested using paleolimnology (Reuss et al.
2010). Lake sediments collect carbon from the catchment
and entire lake basin to provide a time-ordered and integra-
tive overview of shifts in lake carbon balances (McGowan
et al. 2016). Due to gravity, sediment focusing combines
detritus from benthic and pelagic, littoral, and profundal
zones into the deepest parts of the lake (Stone and Fritz
2006). As biomarkers of autotrophs, chlorophyll and carote-
noid pigments in lake sediments estimate the proportion of
autotrophically derived carbon that is buried in lake sedi-
ments (Leavitt et al. 2003). Expressed as a proportion of total
sedimentary organic carbon, pigments provide a time-
integrated index of whole-basin autotrophic biomass relative
to carbon derived from other sources. Pigments can also
identify dominant primary producer taxa, to provide infor-
mation on where and how lake carbon is fixed (McGowan
2013). A separate group of UVR-protective or “sunscreen”
pigments are produced by protists in low CDOM, UV-
exposed environments. When UVR pigments preserved in
sediments are expressed relative to total algal biomass, they
provide an index of past UVR exposure (the UVR index of
Leavitt et al. 1997). Pigment degradation processes are well
understood and can provide information on autotrophic car-
bon burial and preservation vs. mineralization (Cuddington
and Leavitt 1999).
We aimed to determine how past terrestrial vegetation
transitions occurring in Arctic watersheds influenced lake
metabolism over millennial timescales using paleolimnology.
Because higher aboveground biomass and increasingly
woody vegetation (herb ! shrub tundra ! boreal forest) will
increase production of DOM and CDOM, we expected that it
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would strongly influence lake autotrophs (and lake metabo-
lism) via several mechanisms. Therefore, we tested three
hypotheses: (1) Changes in light attenuation associated with
CDOM influx will influence autotrophic production through
UVR exposure (sparsely vegetated watersheds/low CDOM/
low autotrophic production) and/or light limitation (forested
watershed/high CDOM/low autotrophic production); (2)
increasing influx of nutrients (primarily nitrogen) associated
with allochthonous DOM will increase pelagic autotrophic
biomass; (3) increasing influx of allochthonous carbon (for-
ested catchments) will increase the production of mixotro-
phic algae. As these processes occur together, we expected
that there might be synergistic or antagonistic effects.
Methods
We studied pairs of lakes in three Arctic regions (defined
here as north of the Arctic circle) in Greenland, Norway, and
Alaska, where past shifts in vegetation types, (i.e., plant
functional types; Chapin et al. 1996) were well known (Table
1). We classified vegetation types to describe the biome shifts
that had occurred in these lake catchments which spanned a
gradient of terrestrial vegetation biomass (Supporting Infor-
mation 1, Table S2). Our vegetation classes cover a broader
range than the circumarctic tundra classes defined by Walker
et al. (2005), to allow us to test scenarios of woody vegeta-
tion expansion. Sediment cores were collected from the lakes
using piston or Russian corers. Successively deeper cores
were joined together to create one complete sequence per
lake, with the position of overlaps at core tops and bottoms
being checked through matching visual sediment features
and estimates of organic matter. Sedimentary organic matter
(SOM) was estimated by loss-on-ignition (LOI; weight-loss
from burning at 5508C; Meyers and Teranes 2001) (Table 1)
at all sediment intervals for all core sequences except for
Dalmutladdo (2 cm intervals). Missing LOI estimates for cal-
culation of pigment concentrations (below) were calculated
by interpolation between consecutive samples. A combina-
tion of macrofossil and pollen analysis in sediments (at a
variety of sample resolutions), transposition of the timing of
vegetation transitions between neighboring lakes (Lake AT1
transitions derived from macrofossil analyses in Lake AT2),
and comparisons with published records were used to iden-
tify when vegetation transitions occurred in the core sequen-
ces. Full details are provided in Supporting Information 2.
New chronologies were constructed for sediment sequen-
ces for five lakes; for Lake AT1, the chronology published in
Anderson et al. (2012) was used. Where possible, accelerated
mass spectrometry (AMS) 14C dating was conducted on ter-
restrial plant remains and, when unavailable, remains from
aquatic macrophytes, moss, or bulk sediments were used
(Supporting Information 3, Table S3). Samples were analyzed
at the NERC Radiocarbon Facility, East Kilbride and low-
mass samples at the Keck C Cycle AMS Lab, University ofT
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California, Irvine. Ages were calibrated and age-depth mod-
els were created using Bacon version 2.2 for Mac, an R pack-
age using Bayesian modeling (Blaauw and Christen 2011)
and the IntCal13 calibration curve (Reimer et al. 2013). Dates
are given in calibrated years before present (BP). Dating models
were further constrained using (1) a tephra layer from the
Aniakchak Caldera-Forming Event II (359163 BP), in both
Alaskan lakes (Monteath et al. 2017); (2) pollen analysis of the
well-established rise in Alnus pollen in Ruppert Lake (7565650
BP; Higuera et al. 2009) which was transferred to Woody Bot-
tom Pond and (c) the initial occurrence (9245–10,044 BP) and
rise (7056–7997 BP) of Pinus at Dalmutladdo (Bjune et al. 2004)
which was transposed to NOR1.
Analysis of chlorophyll and carotenoid pigments by high-
performance liquid chromatography (HPLC) was conducted
at every level (1 cm resolution) along the entire core sequen-
ces following the methods in McGowan et al. (2012). Pig-
ments were expressed relative to SOM as estimated by LOI
(above). Four carotenoids were selected for analysis repre-
senting the most common aquatic photoautotrophs: crypto-
phytes (alloxanthin), siliceous algae including diatoms and
chrysophytes (diatoxanthin), cyanobacteria (zeaxanthin),
and chlorophytes (lutein). Lutein and zeaxanthin were
inseparable using our HPLC system and so are reported
together. Chlorophyll a was also selected because it is pro-
duced by all algae and higher plants and so is a measure of
sedimentary burial of integrated autotrophic biomass. The
UVR Index was calculated using the concentrations of a
UVR-screening pigment described in Leavitt et al. (1997) rel-
ative to four dominant carotenoids: (UVR-screening com-
pound/(alloxanthin1diatoxanthin1 lutein1 zeaxanthin)) 3
100 to provide an index of UVR exposure.
Numerical analyses
Individual pigment time series from each lake sediment
sequence were transformed to z scores (subtracted the mean
and divided by the standard deviation) to standardize var-
iance among pigments and among lakes. Pigment z scores
were combined and split into zones corresponding to the
vegetation type (shown in Fig. 1; see Supporting Information
1 and 2 for derivation and definitions of zones), and z scores
of each vegetation zone were averaged to assess trends in
Fig. 1. Changes in algal carotenoids (left panel), Chl a (middle panel) (n moles g21 OM), and pollen (%) or plant macrofossil (counts/100 mL) analy-
ses (right panel) in lake sediment sequences, with estimated dates (in calibrated years BP). Horizontal gray lines indicate the boundaries of vegetation
transitions.
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pigments across vegetation types. Differences in pigments
among vegetation types were assessed using one-way
ANOVA in SPSS with Bonferroni tests used to identify differ-
ences between vegetation pairs.
Results
The time span of the sedimentary records covered most of
the Holocene in Greenland, Norway, and the Alaskan site
Woody Bottom Pond; the late Pleistocene-Holocene in Rup-
pert Lake, Alaska (Fig. 1; Supporting Information 1, Table
S2). The analysis identified vegetation transitions named
here as herb ! dwarf shrub ! herb in Greenland (Fig. 1a,b),
Betula ! Pinus ! Betula in Norway (Fig. 1c,d) and herb !
Betula ! Picea ! Alnus in Ruppert Lake, Alaska with the final
part of the sequence (Betula ! Picea ! Alnus) being recorded
in Woody Bottom Pond (Fig. 1e,f). Vegetation shifts were
accompanied by gradual changes in concentrations of Chl a
and carotenoids (Fig. 1). Changes in pigments relative to
vegetation transitions were gradual rather than abrupt, and
there were long-term ontogenetic trajectories of change in
pigment stratigraphies (Law et al. 2015). In general, periods
of Betula expansion were associated with higher concentra-
tions of carotenoid pigments in the sediment cores from
Alaska and Norway (particularly pronounced in Lake NOR1;
Fig. 1d) but this pattern was not universal (Fig. 1). Lakes in
Norway had proportionally more carotenoids from crypto-
phytes and siliceous algae (alloxanthin and diatoxanthin)
whereas lakes from Alaska had relatively greater contribu-
tions from chlorophytes and cyanobacteria (lutein-zeaxan-
thin) (Fig. 1).
UVR exposure in lakes (as indicated by the UVR index;
Leavitt et al. 1997) was greatest in lakes with herbs, Betula
and dwarf shrub with indications of sporadic UVR exposure
during periods with Alnus (Fig. 2a). There was no production
of UVR-screening pigments when Pinus or Picea were present.
Comparisons among standardized pigment profiles indicated
that boreal forest cover (Pinus and Picea) was associated with
significantly more Chl a in sediments than the other vegeta-
tion categories (p<0.05; Fig. 2b). Pinus catchment cover was
associated with significantly more alloxanthin in sediments
(p<0.05) whereas during periods of herb and dwarf shrub
presence there were lower quantities of this pigment in the
SOM (Fig. 2c). Diatoxanthin from siliceous algae increased
significantly (p<0.05) during periods of dwarf shrub expan-
sion and declined during herb cover, whereas concentrations
were intermediate during Betula, Alnus, and Pinus phases
(Fig. 2d). Betula and dwarf shrub expansion resulted in
higher (p<0.05) contributions of lutein-zeaxanthin to sedi-
ments than during periods of herb cover (Fig. 2e).
Discussion
The sediment cores span a broad range of Arctic vegeta-
tion types, from tundra to boreal forest, representing a
Fig. 2. The UVR index of water clarity (a; as in Leavitt et al., 1997) and
z scores of pigments (1 SE) (b–e) from six lake sediment cores grouped
by vegetation types as defined in Supporting Information 1, Table S2.
The numbers of samples (n) derive from the data presented in Figure 1
and are summarized as Herb (n5384, three lake sites, five time peri-
ods), Dwarf shrub (n5197, 2 lake sites, 2 time periods), Betula (367
samples, 3 lake sites, 5 time periods), Alnus (n5269, 2 lake sites, 2 time
periods), Picea (n546, 2 lake sites, 2 time periods), Pinus (n587, 2 lake
sites, 2 time periods). Differences among groups (p<0.05) was assessed
using one-way ANOVA with Bonferroni tests conducted on SPSS. Differ-
ent letters indicate significant differences between groups.
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gradient of increasing terrestrial biomass (from<30–300 t
ha21 aboveground biomass; Supporting Information 1, Table
S2), allowing us to comprehensively test the effects of chang-
ing watershed vegetation cover. The UVR index indicates
that UVR exposure of lake photoautotrophs declined as vege-
tation biomass increased, with no UVR exposure indicated
under coniferous forest (Picea, Pinus; Fig. 2a). Sedimentary
pigments indicated major reorganizations of autotrophic
community structure associated with different vegetation
classes (Fig. 2). Carotenoids from siliceous algae and chloro-
phytes/cyanobacteria increased significantly during interme-
diate vegetation biomass (dwarf and Betula shrub tundra; Fig.
2d,e), suggesting that a unimodal model best describes rela-
tive shifts in autotrophic production of these algal groups
along the gradient of vegetation types (Fig. 3). In contrast,
alloxanthin (cryptophytes) and Chl a (all autotrophs)
increased significantly when boreal forest cover was present
(Fig. 2b,c), and declined when vegetation cover was sparse,
indicating a more linear response to vegetation cover. These
patterns were quite clear, despite inherent variability in the
datasets which span a broad range of physiographic, eda-
phic, and ontogenetic circumstances. Therefore, while we
note that these patterns require more rigorous experimental
testing, they provide a useful preliminary overview for
hypothesis testing and model development.
In agreement with our first hypothesis, lake autotrophic
biomass appeared to be related to UVR exposure. Lakes
located in sparsely vegetated catchments (herb) were more
exposed to UVR (Leavitt et al. 1997) and had significantly
lower concentrations of algal pigments, suggesting that UVR
exposure might have restricted algal biomass (Leavitt et al.
2003; Harrison et al. 2015). It is well-established that lake
waters in thinly vegetated catchments have low-CDOM con-
centrations and are highly transparent, although observa-
tions to date have been mostly confined to alpine (Rose
et al. 2009) and Antarctic (Pienitz and Vincent 2000) rather
than Arctic (Saulnier-Talbot et al. 2003) lakes. The lakes in
this study are quite shallow (< 13.7 m; Table 1), with limited
deepwater refuge from UVR exposure. The low concentra-
tions of DOC (< 2 mg L21; Table 1) measured in the lakes
from Greenland (herb cover in contemporary catchments)
are within the sensitive range at which UVR penetration
into lakes declines exponentially with respect to increasing
DOC concentrations (Rose et al. 2009). Conversely, lakes
located within forested areas are brown colored through
CDOM influx which restricts the photic zone depth, reduc-
ing exposure of benthic areas, and restricting habitat for
benthic cyanobacteria which are the main producers of UVR
screening pigments (Leavitt et al. 1997). Therefore, our data
supports the idea there is an optimal range of CDOM influx
below and above which UVR exposure and light limitation
respectively curtail production of siliceous algae and cyano-
bacteria/chlorophytes.
While the unimodal patterns exhibited by siliceous algae
and cyanobacteria/chlorophyte groups are consistent with
responses to light exposure, it is possible that nutrients
bound in DOM and released by photolysis (hypothesis 2)
could partly explain the patterns observed. Such mecha-
nisms are likely to be important in Arctic lakes which are
highly nutrient-limited (Whiteford et al. 2016). To further
understand these patterns, we looked at proportions of
planktonic (P) to benthic (B) diatom valves preserved in
three of the sediment cores (Supporting Information 4, Fig.
S4). If light availability was the primary driver of autotrophic
communities, we expected that areal exposure of benthic
habitats would increase under optimal light conditions and
reduce the P : B ratios (Stone and Fritz 2006). During periods
of maximum water transparency (herb cover) when UVR
damage is likely to influence the ratios, diatom P : B ratios
were low; benthic algal taxa are often common in UVR-
exposed environments (Sommaruga 2001). However, during
conditions of optimal light exposure (dwarf shrub cover;
[DOC] 2–4 mg L21), P : B ratios were highest. The planktonic
diatom Discostella stelligera increased during this period at
Lake AT1 (Law et al. 2015). Therefore, the increase in auto-
trophic biomass might not be fully explained by littoral
expansion and high phytobenthos production. Instead, a
further explanation for this pattern is that DOM-influx
under shrub tundra conditions supplied nutrients leading to
an increase in planktonic algal biomass (Hansson et al. 1992;
Vadeboncoeur et al. 2003; Rosen et al. 2009). The “alder
rise” (transition from Picea to Alnus) in Alaska has been asso-
ciated with increases in planktonic diatoms and linked to
nitrogen supply (Perren et al. 2017), as observed in our
Fig. 3. Conceptual model predicting relative lake autotrophy and asso-
ciated mechanisms across Arctic biomes, with the key vegetation transi-
tions identified by the sedimentary analyses allocated typical DOC
ranges based on values from the literature (Rouillard et al. 2011) and
the measurements in Table 1.
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analyses (Supporting Information, Fig. S4). Alnus and Dryas
are well-known nitrogen fixers and important for nutrient
cycling in Arctic regions where nitrogen is generally scarce
(Chapin et al. 1996). It is possible that the presence of these
plants enhanced mineralization rates of labile soil C and
reduced CDOM influx (Lavoie et al. 2011). This mechanism
could partially explain the relative water clarity during Alnus
and Herb zones and illustrates the potential for complex
changes to DOM quantity and quality. Taken together, pig-
ment and diatom evidence suggests that nutrient supply by
DOM interacts with light conditions to influence autotro-
phic production in these lakes (Rosen et al. 2009; Seekell
et al. 2015).
Our analyses also agree with our third hypothesis that
lakes with greater catchment forest cover have more poten-
tially mixotrophic taxa, recorded as significant increases in
alloxanthin (a cryptophyte biomarker; Fig. 2c). The higher
range of C : N ratios (Table 1) in the Alaska and Norway
sediment cores supports the idea that allochthonous (col-
ored) carbon sources were more prevalent in the forested
lakes than in sites consistently covered in tundra (Green-
land; lower C : N ratios within the algal-derived C range;
Meyers and Teranes 2001). Cryptophytes are abundant in
highly coloured boreal lakes and known to employ mixotro-
phy as a nutritional strategy (Lepist€o and Rosenstr€om 1998;
Katechakis et al. 2005). As planktonic, motile protists they
are well adapted to low light environments and a shallow
photic zone. Thus, the patterns in alloxanthin (Fig. 2c), sug-
gest a community shift toward motile algal groups, as vege-
tation biomass in the watershed increases, and we speculate
that this was also associated with an increase in mixotrophy
(Jansson et al. 2000). Patterns in Chl a were more similar to
alloxanthin than the other pigments, which was rather
unexpected because Chl a should provide an integrated mea-
sure of algal and cyanobacterial biomass. While it is possible
that some Chl a could derive directly from terrestrial vegeta-
tion, allochthonous chlorophyll sources are usually only a
minor component of lake pigment budgets due to decompo-
sition during transport to the lake basin (Leavitt 1993). Chl
a is more labile than most carotenoids (McGowan 2013) and
the increases in sedimentary contributions associated with
increases in water color are proposed to relate mainly to a
combination of autochthonous production and preservation;
water color limits the requirement for production of photo-
protective accessory pigments (carotenoids) and reduces
photo-oxidation of Chl a (Leavitt and Carpenter 1990).
Photo-oxidation of organic matter is noted in many lakes
and can influence water transparency (Osburn et al. 2001).
Therefore, the Chl a patterns may indicate that pigments
(and hence carbon) are buried more efficiently in highly col-
ored lakes (Sobek et al. 2009).
The mechanisms proposed above provide logical explana-
tions for the observed patterns, but it is inevitable in such a
geographically dispersed long-term dataset that other factors
might need to be considered. The effects of longer term
landscape and lake ontogeny (succession) are relevant,
because antecedent conditions including soil development
have consequences for subsequent DOC and nutrient trans-
fer to lakes (Engstrom et al. 2000; McGowan et al. 2008).
Our statistical analyses attempted to remove long-term linear
trends by using z-score transformation, but it is possible that
some residual ontogenetic variance remains. However,
because some vegetation zones (herb, Betula) associated with
early periods of lake development were also present during
later periods, our experimental design has countered ontoge-
netic effects as fully as possible, within the constraints of a
paleolimnological study. Comparison among the sediment
records also indicates different algal community composition
among regions, with lower relative abundances of siliceous
algae in Alaskan lakes, possibly related to the underlying
limestone geology and lower silicate concentrations (Table
1). Terrestrial vegetation and permafrost soils are known to
be important stores of silica, and it is possible that terrestrial
vegetation cover regulated the supply of silica to lakes
(Alfredsson et al. 2015). However, soil development is an
inherent and inseparable property of vegetation biomes,
which provides important contextual information on the
effects of vegetation shifts. Despite these caveats, clear, sig-
nificant, and ecologically sensible patterns were evident
from the combination of six sediment records spanning veg-
etation zones.
Taken together, our results indicate that major changes in
lake autotrophy : heterotrophy balance are likely along the
vegetation gradients that we studied. Summarizing the pig-
ment distributions alongside published and measured values
of DOC, a conceptual model (Fig. 3) highlights that changes
in the lake metabolic balance are most likely to occur in the
lower ranges of lake DOC concentrations, i.e.,<4 mg L21, at
the transition from herb to shrub tundra (< 2 mg L21) and
shrub tundra to treeline (2–4 mg L21), close to Seekell’s
(2015) proposed threshold of 4.8 mg L21. Thus, although
there has been a strong focus on boreal, subarctic, and ther-
mokarst lake research, because of their importance for green-
house gas emission and carbon storage (Walter et al. 2007;
Karlsson et al. 2013), Arctic lakes which lie at this sensitive
DOC transition zone, are probably most susceptible to net
shifts in lake metabolic balance. While our sedimentary anal-
yses cannot quantify the consequences for greenhouse gas
fluxes, our conceptual model provides guidance for where
such quantitative research efforts should be focused. The
model developed from our results predicts that shifts in lake
ecosystem carbon processing should tend toward increased
autotrophy in sparsely vegetated (e.g., high Arctic) areas and
heterotrophy in low Arctic tundra where woody vegetation
biomass is increasing (Pearson et al. 2013). Accurate meas-
ures of rates of carbon efflux and burial in lakes across these
transition zones are required to quantify the overall
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importance of vegetation shifts within the broader Arctic ter-
restrial carbon cycle.
References
Alfredsson, H., G. Hugelius, W. Clymans, J. Stadmark, P.
Kuhry, and D. J. Conley. 2015. Amorphous silica pools in
permafrost soils of the Central Canadian Arctic and the
potential impact of climate change. Biogeochemistry 124:
441–459. doi:10.1007/s10533-015-0108-1
Anderson, N., A. Liversidge, S. McGowan, and M. Jones.
2012. Lake and catchment response to Holocene environ-
mental change: Spatial variability along a climate gradient
in southwest Greenland. J. Paleolimnol. 48: 209–222. doi:
10.1007/s10933-012-9616-3
Bjune, A., H. Birks, and H. Seppa. 2004. Holocene vegetation
and climate history on a continental-oceanic transect in
northern Fennoscandia based on pollen and plant macrofos-
sils. Boreas 33: 211–223. doi:10.1080/03009480410001244
Blaauw, M., and J. A. Christen. 2011. Flexible paleoclimate
age-depth models using an autoregressive gamma process.
Bayesian Anal. 6: 457–474. doi:10.1214/11-BA618
Cardille, J. A., S. R. Carpenter, M. T. Coe, J. A. Foley, P.
C. Hanson, M. G. Turner, and J. A. Vano. 2007. Carbon
and water cycling in lake-rich landscapes: Landscape con-
nections, lake hydrology, and biogeochemistry. J. Geo-
phys. Res.: Biogeosci. 112: G000200. doi:10.1029/
2006JG000200
Chapin, III F., M. S. Bret-Harte, S. E. Hobbie, and H. Zhong.
1996. Plant functional types as predictors of transient
responses of arctic vegetation to global change. J. Veg.
Sci. 7: 347–358. doi:10.2307/3236278
Cuddington, K., and P. R. Leavitt. 1999. An individual-based
model of pigment flux in lakes: Implications for organic
biogeochemistry and paleoecology. Can. J. Fish. Aquat.
Sci. 56: 1964–1977. doi:10.1139/f99-108
Engstrom, D. R., S. C. Fritz, J. E. Almendinger, and S.
Juggins. 2000. Chemical and biological trends during lake
evolution in recently deglaciated terrain. Nature 408:
161–166. doi:10.1038/35041500
Engstrom, D., and S. C. Fritz. 2006. Coupling between pri-
mary terrestrial succession and the trophic development
of lakes at Glacier Bay, Alaska. J. Paleolimnol. 35: 873–
880. doi:10.1007/s10933-005-5858-7
Hansson, L-A. 1992. Factors regulating periphytic algal bio-
mass. Limnol. Oceanogr. 37: 322–328. doi:10.4319/
lo.1992.37.2.0322
Harrison, J. W., G. Silsbe, and R. E. H. Smith. 2015. Photophysi-
ology and its response to visible and ultraviolet radiation in
freshwater phytoplankton from contrasting light regimes. J.
Plankton Res. 37: 472–488. doi:10.1093/plankt/fbv003
Higuera, P. E., L. B. Brubaker, P. M. Anderson, F. S. Hu, and
T. A. Brown. 2009. Vegetation mediated the impacts of
postglacial climate change on fire regimes in the south-
central Brooks Range, Alaska. Ecol. Monograph. 79: 201–
219. doi:10.1890/07-2019.1
Jansson, M., A-K. Bergstr€om, P. Blomqvist, and S. Drakare.
2000. Allochthonous organic carbon and phytoplankton/
bacterioplankton production relationships in lakes. Ecology
81: 3250–3255. doi:10.1890/0012-9658(2000)081[3250:
AOCAPB]2.0.CO;2
Karlsson, J., P. Bystrom, J. Ask, P. Ask, L. Persson, and M.
Jansson. 2009. Light limitation of nutrient-poor lake eco-
systems. Nature 460: 506–509. doi:10.1038/nature08179
Karlsson, J, R. Giesler, J. Persson, and E. Lundin. 2013. High
emission of carbon dioxide and methane during ice thaw
in high latitude lakes. Geophys. Res. Lett. 40: 1123–1127.
doi:10.1002/grl.50152
Katechakis, A., T. Haseneder, R. Kling, and H. Stibor. 2005.
Mixotrophic versus photoautotrophic specialist algae as
food for zooplankton: The light:nutrient hypothesis
might not hold for mixotrophs. Limnol. Oceanogr. 50:
1290–1299. doi:10.4319/lo.2005.50.4.1290
Kissman, C. E. H., C. E. Williamson, K. C. Rose, and J. E.
Saros. 2013. Response of phytoplankton in an alpine lake
to inputs of dissolved organic matter through nutrient
enrichment and trophic forcing. Limnol. Oceanogr. 58:
867–880. doi:10.4319/lo.2013.58.3.0867
Kling, G. W., G. W. Kipphut, and M. C. Miller. 1992. The flux
of CO2 and CH4 from lakes and rivers in arctic Alaska.
Hydrobiologia 240: 23–36. doi:10.1007/BF00013449
Kortelainen, P., and others. 2013. Carbon evasion/accumula-
tion ratio in boreal lakes is linked to nitrogen. Global Bio-
geochem. Cycles 27: 363–374. doi:10.1002/gbc.20036
Kritzberg, E. S., W. Graneli, J. Bj€ork, C. Br€onmark, P.
Hallgren, A. Nicolle, A. Persson, and L. A. Hansson. 2014.
Warming and browning of lakes: Consequences for
pelagic carbon metabolism and sediment delivery. Freshw.
Biol. 59: 325–336. doi:10.1111/fwb.12267
Lapierre, J. F., and P. A. del Giorgio. 2012. Geographical and
environmental drivers of regional differences in the lake
pCO2 versus DOC relationship across northern landscapes.
J. Geophys. Res.: Biogeosci. 117: G03015. doi:10.1029/
2012JG001945
Lavoie, M., M. C. Mack, and E. A. G. Schuur. 2011. Effects of
elevated nitrogen and temperature on carbon and nitro-
gen dynamics in Alaskan arctic and boreal soils. J. Geo-
phys. Res. 116: G03013. doi:10.1029/2010JG001629
Law, A., N. Anderson, and S. McGowan. 2015. Spatial and
temporal variability of lake ontogeny in south-western
Greenland. Quat. Sci. Rev. 126: 1–16. doi:10.1016/
j.quascirev.2015.08.005
Leavitt, P. R. 1993. A review of factors that regulate carotenoid
and chlorophyll deposition and fossil pigment abundance J.
Paleolimnol. 9: 109–127. doi:10.1007/BF00677513
Leavitt, P. R., and S. R. Carpenter. 1990. Regulation of pigment
sedimentation by photo-oxidation and herbivore grazing.
Can. J. Fish. Aquat. Sci. 47: 1166–1176. doi:10.1139/f90-136
McGowan et al. Vegetation transitions in Arctic lakes
253
Leavitt, P. R., B. F. Cumming, J. P. Smol, M. Reasoner, R.
Pienitz, and D. A. Hodgson. 2003. Climatic control of
ultraviolet radiation effects on lakes. Limnol. Oceanogr.
48: 2062–2069. doi:10.4319/lo.2003.48.5.2062
Leavitt, P. R., R. D. Vinebrooke, D. B. Donald, J. P. Smol,
and D. W. Schindler. 1997. Past ultraviolet radiation envi-
ronments in lakes derived from fossil pigments. Nature
388: 457–459. doi:10.1038/41296
Lepist€o, L., and U. Rosenstr€om. 1998. The most typical phy-
toplankton taxa in four types of boreal lakes. Hydrobiolo-
gia 369: 89–97. doi:10.1023/A:1017014330045
McGowan, S., P. Barker, E. Y. Haworth, P. R. Leavitt, S. C.
Maberly, and J. Pates. 2012. Humans and climate as driv-
ers of algal community change in Windermere since
1850. Freshwater biology 57: 260–277.
McGowan, S. 2013. Pigment studies. In S. Elias and C. J.
Mock [eds.], Encyclopedia of quaternary sciences. Elsevier.
McGowan, S., R. K. Juhler, and N. J. Anderson. 2008. Auto-
trophic response to lake age, conductivity and tempera-
ture in two West Greenland lakes. J. Paleolimnol. 39:
301–317. doi:10.1007/s10933-007-9105-2
McGowan, S., and others. 2016. Long-term perspectives on
terrestrial and aquatic carbon cycling from palaeolimnol-
ogy. Wiley Interdiscip. Rev.: Water 3: 211–234. doi:
10.1002/wat2.1139
Meyers, P. A., and J. L. Teranes. 2001. Sediment organic mat-
ter, p. 239–270. In W. M. Last and J. P. Smol [eds.], Track-
ing environmental change using lake sediments. Kluwer.
Monteath, A, M. van Hardenbroek, L. J. Davies, D. G. Froese,
P. G. Langdon, X. Xu, and M. E. Edwards. 2017. Chronol-
ogy and glass chemistry of tephra and cryptotephra hori-
zons from lake sediments in northern Alaska, USA. Quat.
Res. 88: 169–178. doi:10.1017/qua.2017.38
Osburn, C. L., D. P. Morris, K. A. Thorn, and R. E. Moeller.
2001. Chemical and optical changes in freshwater dis-
solved organic matter exposed to solar radiation. Biogeo-
chemistry 54: 251–278. doi:10.1023/A:1010657428418
Pearson, R. G., S. J. Phillips, M. M. Loranty, P. S. Beck, T.
Damoulas, S. J. Knight, and S. J. Goetz. 2013. Shifts in Arctic
vegetation and associated feedbacks under climate change.
Nat. Clim. Change 3: 673–677. doi:10.1038/nclimate1858
Perren, B. B., Y. Axford, and D. S. Kaufman. 2017. Alder, nitro-
gen, and lake ecology: Terrestrial-aquatic linkages in the post-
glacial history of Lone Spruce Pond, Southwestern Alaska.
PLoS One 12: e0169106. doi:10.1371/journal.pone.0169106
Pienitz, R., and W. F. Vincent. 2000. Effect of climate change
relative to ozone depletion on UV exposure in subarctic
lakes. Nature 404: 484–487. doi:10.1038/35006616
Raymond, P. A., and others. 2013. Global carbon dioxide
emissions from inland waters. Nature 503: 355–359. doi:
10.1038/nature12760
Reimer, P. J., and others. 2013. IntCal13 and Marine13 radio-
carbon age calibration curves 0–50,000 years cal BP. Radio-
carbon 55: 1869–1887. doi:10.2458/azu_js_rc.55.16947
Reuss, N. S., D. Hammarlund, M. Rundgren, U. Segerstrom,
L. Eriksson, and P. Rosen. 2010. Lake ecosystem responses
to Holocene climate change at the subarctic tree-line in
Northern Sweden. Ecosystems 13: 393–409. doi:10.1007/
s10021-010-9326-5
Rose, K. C., C. E. Williamson, J. E. Saros, R. Sommaruga, and
J. M. Fischer. 2009. Differences in UV transparency and
thermal structure between alpine and subalpine lakes:
Implications for organisms. Photochem. Photobiol. Sci. 8:
1244–1256. doi:10.1039/b905616e
Rosen, P., L. Cunningham, J. Vonk, and J. Karlsson. 2009.
Effects of climate on organic carbon and the ratio of
planktonic to benthic primary producers in a subarctic
lake during the past 45 years. Limnol. Oceanogr. 54:
1723–1732. doi:10.4319/lo.2009.54.5.1723
Rouillard, A., P. Rosen, M. S. Douglas, R. Pienitz, and J. P.
Smol. 2011. A model for inferring dissolved organic car-
bon (DOC) in lakewater from visible-near-infrared spec-
troscopy (VNIRS) measures in lake sediment. J.
Paleolimnol. 46: 187–202. doi:10.1007/s10933-011-9527-8
Saulnier-Talbot, E., R. Pienitz, and W. F. Vincent. 2003. Hol-
ocene lake succession and palaeo-optics of a Subarctic
lake, northern Quebec, Canada. Holocene 13: 517–526.
doi:10.1191/0959683603hl641rp
Seekell, D. A., J.-F. Lapierre, J. Ask, A.-K. Bergstr€om, A.
Deininger, P. Rodrıguez, and J. Karlsson. 2015. The influ-
ence of dissolved organic carbon on primary production
in northern lakes. Limnol. Oceanogr. 60: 1276–1285. doi:
10.1002/lno.10096
Sobek, S., E. Durisch-Kaiser, R. Zurbr€ugg, N. Wongfun, M.
Wessels, N. Pasche, and B. Wehrli. 2009. Organic carbon
burial efficiency in lake sediments controlled by oxygen
exposure time and sediment source. Limnol. Oceanogr.
54: 2243–2254. doi:10.4319/lo.2009.54.6.2243
Sommaruga, R. 2001. The role of solar UV radiation in the
ecology of alpine lakes. J. Photochem. Photobiol. B: Biol.
62: 35–42. doi:10.1016/S1011-1344(01)00154-3
Stone, J. R., and S. C. Fritz. 2006. Three-dimensional model-
ing of lacustrine diatom habitat areas: Improving paleo-
limnological interpretation of planktic:benthic ratios.
Limnol. Oceanogr. 49: 1540–1548. doi:10.4319/lo.2004.
49.5.1540
Suzanne , P. Barker, E. Y. Haworth, P. R. Leavitt, S. C. Maberly,
and J. Pates. 2012. Humans and climate as drivers of algal
community change in Windermere since 1850. Freshw.
Biol. 57: 260–277. doi:10.1111/j.1365-2427.2011.02689.x
Tank, S. E., K. E. Frey, R. G. Striegl, P. A. Raymond, R. M.
Holmes, J. W. McClelland, and B. J. Peterson. 2012. Land-
scape-level controls on dissolved carbon flux from diverse
catchments of the circumboreal. Global Biogeochem.
Cycle. 26: GB0E02. doi:10.1029/2012GB004299
Tranvik, L. J., and others. 2009. Lakes and reservoirs as regu-
lators of carbon cycling and climate. Limnol. Oceanogr.
54: 2298–2314. doi:10.4319/lo.2009.54.6_part_2.2298
McGowan et al. Vegetation transitions in Arctic lakes
254
Vadeboncoeur, Y, E. Jeppesen, M. J. Vander Zanden, H.
H. Schierup, K. Christoffersen, and D. M. Lodge. 2003.
From Greenland to green lakes: Cultural eutrophica-
tion and the loss of benthic pathways in lakes. Lim-
nol. Oceanogr. 48: 1408–1418. doi:10.4319/lo.2003.48.
4.1408
Verpoorter, C., T. Kutser, D. A. Seekell, and L. J. Tranvik.
2014. A global inventory of lakes based on high-
resolution satellite imagery. Geophys. Res. Lett. 41: 6396–
6402. doi:10.1002/2014GL060641
Walker, D. A., and others. 2005. The circumpolar Arctic veg-
etation map. J. Veg. Sci. 16: 267–282. doi:10.1111/j.1654-
1103.2005.tb02365.x
Walker, D. A., and others. 2012. Environment, vegetation
and greenness (NDVI) along the North America and Eura-
sia Arctic transects. Environ. Res. Lett. 7: 015504. doi:
10.1088/1748-9326/7/1/015504
Walter, K., M. Edwards, G. Grosse, S. Zimov, and F. Chapin.
2007. Thermokarst lakes as a source of atmospheric CH4
during the last deglaciation. Science 318: 633–636. doi:
10.1126/science.1142924
Walvoord, M. A., and Striegl, R. G. 2007. Increased ground-
water to stream discharge from permafrost thawing in the
Yukon River basin: Potential impacts on lateral export of
carbon and nitrogen. Geophys. Res. Lett. 34: L12402. doi:
10.1029/2007GL030216
Whiteford, E. J., S. McGowan, C. Barry, and N. J. Anderson.
2016. Seasonal and regional controls of phytoplankton
production during ice cover and ice free conditions along
a climate gradient in SW Greenland. Arct. Antarct. Alp.
Res. 48: 139–159. doi:10.1657/AAAR0015-003
Wik, M., R. K. Varner, K. W. Anthony, S. MacIntyre, and D.
Bastviken. 2016. Climate-sensitive northern lakes and
ponds are critical components of methane release. Nat.
Geosci. 9: 99–106. doi:10.1038/ngeo2578
Acknowledgments
We thank James Shilland, Kent Joensen, Sune Mølgaard, Avatannguaq
Møller (Greenland); Tom Roland, Kim Davies, Hannah Laurens, Nancy
Bigelow (Alaska); Nigel Cameron (Norway) for field assistance; and also
thank Julie Swales, Teresa Needham, and Mark Stevenson for laboratory
analyses. We are grateful to Dr. Xiaomei Xu at the Keck Carbon Cycle
AMS Facility, University of California, Irvine for providing expertise in
low-current AMS. Nancy Bigelow, Hilary Birks, and Ole Bennike very
kindly assisted with macrofossil identification. We also thank three anon-
ymous reviewers for their very helpful comments and suggestions for
improvements to this manuscript. Funding was provided by NERC NE/
K000349/1 Lakes and the Arctic Carbon Cycle, and NERC Radiocarbon
facility awards 1242.1007, 1403.0409, 1726.0813, 1847.1014, and
1946.1015.
Submitted 16 June 2017
Revised 30 November 2017; 03 April 2018
Accepted 10 April 2018
McGowan et al. Vegetation transitions in Arctic lakes
255
